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Intrinsic decoherence in the interaction of two fields with a two-level atom
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We study the interaction of a two-level atom and two fields, one of them classical. We obtain an
effective Hamiltonian for this system by using a method recently introduced that produces a small
rotation to the Hamiltonian that allows to neglect some terms in the rotated Hamiltonian. Then we
solve a variation of the Schro¨dinger equation that models decoherence as the system evolves through
intrinsic mechanisms beyond conventional quantum mechanics rather than dissipative interaction
with an environment.
PACS numbers:
I. INTRODUCTION
The study the interaction between a two-level atoms and quantized single-mode fields prepared initially in specific
states such as binomial states [1], displaced number states [2], etc. has attracted the attention over the years because
of the possibilities of engineering more interesting states of the electromagnetic field [3, 4]. Usually the atom-field
entanglement in such states is very sensitive to dissipation and decoherence [5–7], and the states are rapidly degraded
to statistical mixtures.
It is complicated to find analytical solutions for problems that include dissipation if Hamiltonians are not simplified.
Such simplification is possible under certain circumstances if the parameters involved allow to obtain effective Hamil-
tonians, either by the use of the adiabatic elimination [8] or by the use of other approaches such as the small rotation
method [9]. When dissipation is included before effective Hamiltonians are developed, the problem usually may only
be solved numerically. Here we apply the later method to obtain an effective Hamiltonian for the interaction of a
two-level atom and two fields, one quantized and the other classical and solve a variation of the Schro¨dinger equation
that models decoherence as the system evolves through intrinsic mechanisms beyond conventional quantum mechanics
rather than dissipative interaction with an environment [10].
The atom interacting with two fields has been studied when both fields are quantized [11] and for the case in which
one of them is considered classical [12] finding in this last case the appearance of super-revivals [13].
II. ATOM-TWO FIELDS EFFECTIVE HAMILTONIAN
The Hamiltonian for a two-level atom interacting with a quantized field and a classical field is given by [12] (we set
h¯ = 1)
H = ωa†a+ ω0
σz
2
+ λ(a†σ− + σ+a) + ǫe
−iωtσ+ + ǫ
∗eiωtσ− (1)
where a and a†a are the annihilation and creation operators, respectively, ω is the frequency of both quantized and
classical fields, the σ’s are the spin Pauli matrices, λ is the interaction constant between the atom and the quantized
field, ω0 is the atomic transition frequency and ǫ is the amplitude of the classical field.
We may get rid off the time dependence by transforming the Hamiltonian with T = exp[−i(ωa†a + ω σz2 )t] and
obtain the interaction Hamiltonian
HI = ∆
σz
2
+ λ(a†σ− + σ+a) + ǫσ+ + ǫ
∗σ− (2)
with ∆ = ω0 − ω. We consider the strong detuning case |∆| ≫ λ, ǫ and produce a small rotation to the interaction
Hamiltonian, namely, we transform it with R = exp[η(a†σ− − σ+a)] with the parameter η ≪ 1, such that we may
approximate RAR† ≈ A+η[(a†σ−−σ+a), A], with A an arbitrary operator. By taking A = HI and setting η = −λ/∆,
we obtain the effective Hamiltonian
Heff = σz
[
2λ2
∆
(2N + 1) +
2λ
∆
(ǫa† + ǫ∗a) +
∆
2
]
+ ǫσ+ + ǫ
∗σ−, (3)
2with N = a†a, the number operator. By displacing the Hamiltonian above with the Glauber displacement operator
[14], we obtain
Heff = D(β)
{
σz
[
χN + ∆˜
]
+ ǫσ+ + ǫ
∗σ−
}
D†(β), (4)
with χ = −2λ2/∆, β = η/χ and ∆˜ = ∆− |ǫ|2/χ and its evolution operator may be easily obtained
Ueff(t) = D
†(β)e−it(σz[χN+∆˜]+ǫσ++ǫ
∗σ−)D(β), (5)
with
e
−it
(
σz
[
2λ2
∆
2N+ ∆˜
2
]
+ǫσ++ǫ
∗σ−
)
=
[
U11 U12
U21 U22
]
(6)
where we have used the 2× 2 matrix representation of the Pauli spin operators. The matrix elements are given by
U11(t) = cos[ΩN t]− iχN + ∆˜
ΩN
sin[ΩN t],
U12(t) = −i ǫ
ΩN
sin[ΩNt]
U21(t) = −i ǫ
∗
ΩN
sin[ΩNt]
U22(t) = cos[ΩNt] + i
χN + ∆˜
ΩN
sin[ΩNt], (7)
with ΩN =
√
(χN + ∆˜)2 + |ǫ|2.
III. INTRINSIC DECOHERENCE
There have been proposals in which the Schro¨dinger equation is modified such that quantum coherences are de-
stroyed as the system evolves. Milburn [10] has proposed a model of intrinsic decoherence that is a modification
of quantum mechanics based on the assumption that on sufficiently short time steps the system does not evolve
continuously under unitary evolution but rather in an stochastic sequence of identical unitary transformations. The
differential equation for the density matrix in Milburn’s model reads
dρ
dt
= γ(e−iH/h¯γρeiH/h¯γ − ρ) (8)
with ρ the density matrix and γ is the rate at which coherences are lost and is related with the minimum time step
in the universe [10]. By expanding (8) to first order in γ−1 Milburn obtained the following equation
dρ
dt
=
i
h¯
[H, ρ]− 1
2h¯2γ
[H, [H, ρ]]. (9)
Note that taking γ → ∞ Schro¨dinger equation is recovered. We now solve equation (8) instead of the approximated
(9) for the Hamiltonian (4)
ρ(t) = e−γt
∞∑
m=0
(γt)m
m!
e−imHeff/γρ(0)eimHeff/γ . (10)
By doing t→ m/γ in eq. (5), we can easily evaluate the above solution for any initial condition for the atom and the
field. Let us consider the atom initially in a superposition of ground and excited states
|ψA(0)〉 = 1√
2
(|g〉+ |e〉) (11)
and the field initially in a coherent state [14]
|α〉 = D(α)|0〉, (12)
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FIG. 1: We plot 〈σx〉 for the following parameters: (a) α = 2.5, E = 0, λ = 1, ∆ = 2 and γ = 10
6, (b) α = 2.5, E = 0.5, λ = 1,
∆ = 2 and γ = 103 and (c) α = 2.5, E = 0.5, λ = 1, ∆ = 2 and γ = 106.
we may then express the initial density matrix in the atomic 2× 2 basis as
ρ(0) =
|α〉〈α|
2
[
1 1
1 1
]
. (13)
We have now all the ingredients to obtain expectation values of atomic and field observables. For instance, we can
calculate the atomic polarization 〈σx〉, a common expectation value used in the reconstruction of the Wigner function
〈σx〉 = e−|α−β|
2
∞∑
n=0
|α− β|2n
n!Ω2n(
ǫ2 + e−γt(1−cos(2Ωn/γ))(χn+ ∆˜)2 cos(γt sin(2Ωn/γ))
)
. (14)
We plot the atomic polarization in Fig. 1, where we can see revivals and collapses of this observable (a) for the
parameter γ = 106λ, and no classical field (ǫ = 0); degradation of the revivals may be seen in (b) where the parameter
γ = 103λ has been reduced, and the classical field is present (ǫ = 0.5λ), and the effects of the intrinsic decoherence
are clear and in (c) we again set γ = 106λ for the classical field as in (b) and the revivals are recovered.
IV. CONCLUSIONS
We have studied the interaction of a two-level atom and two fields, one of them classical in the dispersive regime
by using a model of intrinsic decoherence that has been shown to degrade the revivals of the atomic polarization. It
was given a solution for the exact equation 8 rather than the approximated one 9. The dispersive Hamiltonian was
obtained by using the method of small rotations [9].
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